We have established that polypeptides whose synthesis is reduced by 2,4-dichlorophenoxyacetic acid during in vitro culture of tobacco mesophyll protoplasts are secreted into the vacuole where they constitute the bulk of labeled proteins. In addition, these proteins continue to be synthesized in protoplast-derived cultured cells and their synthesis is strictly correlated with the size of the cell, i.e. with vacuolar size.
A large body of recent results has shown that IAA, the naturally occurring auxin, or synthetic analogs (NAA' and 2,4-D), rapidly regulate the accumulation of a few mRNAs in responsive plant tissues. This type of auxin effect has been reported for different plant species, including monocots (30) and dicots (2, 15, 17, 22, 25, (27) (28) (29) , and for tissues showing different major physiological responses including cell enlargement (2, 27, 30) or induction of mitosis (4, 16, 17) . These results have led to the search for (a) the mechanism by which auxin increases or reduces the concentration of particular mRNAs, and (b) the nature of the proteins encoded by these mRNAs in order to determine their role in the physiological response.
Results are rapidly accumulating on the first point, since cDNA clones corresponding some auxin dependent mRNAs have now been isolated (2, 3, 17, 23, 24) . In contrast, little evidence is available on the nature and function of the corresponding proteins (17) . In tobacco mesophyll protoplasts, among 250 polypeptides characterized on 2-D gels, the synthesis of six protein groups is reduced (about 4 times) and that of two others is stimulated (at least 20-50 times) by 2,4-D treatment (15, 16) . Here we present evidence that proteins whose synthesis is reduced by auxin are secreted into the vacuole where they constitute the bulk of the labeled proteins.
MATERIALS AND METHODS
Isolation and Culture of Protoplasts. Protoplasts were isolated from leaves of greenhouse-grown tobacco plants (Nicotiana tabacum var Maryland) and cultivated as previously described (14) . They were labeled in culture for 2 h or 18 h using [35S] methionine. Protoplast-derived calli were grown on agar-solidified Murashige and Skoog medium (18) (20) except that NP 40 was replaced by CHAPSO. 2-D electrophoresis used a NEPHGE (pH 3.5-9.5) first dimension (20) . The second dimension was a 12.5% acrylamide SDS gel with an agarose-stabilized stacking gel. To compare precisely the migration characteristics of proteins present in different extracts, we routinely ran three gels, two containing the individual extracts and the third a mixture of both extracts. Rough estimations of the radioactivity in spots were obtained by comparing exposure times necessary to obtain approximately the same blackening of the film. For example, on gel la, spot a is approximately ten times more radioactive than spot b, as on autoradiograms exposed for 10 d spot b shows approximately the same intensity as spot a on 24 h exposures.
RESULTS

Isolation of Vacuoles from Cultivated Tobacco Protoplasts.
A few modifications of the Ficoll concentration make the method developed for Melilotus alba by Boudet et al. (6) useful for the isolation of vacuoles from tobacco mesophyll protoplasts, the yield varying between 8 to 15%. The vacuolar fraction contains no more than 2 to 5% of apparently intact protoplasts. The low Plant Physiol. Vol. 83, 1987 Chl content and fumarase and catalase activities indicate little contamination by chloroplasts, mitochondria, and peroxisomes, respectively, while elevated a-mannosidase activity shows that the vesicles are true vacuoles (Table I) .
Vacuoles were isolated with the same efficiency from protoplasts cultivated for 24 h in complete medium. In contrast, in the absence of 2,4-D, protoplasts become larger, leading to reduced yield and increased contamination. After 48 h in complete medium, vacuole yield drops, most probably due to cell wall reformation. In this paper we present results obtained from protoplasts cultivated for 18 h. At this time about 8% of the radioactivity incorporated after 18 h labeling of protoplasts was associated with the vacuolar fraction.
Effect of Auxin on the Pattern Obtained from Total Extracts of Protoplasts. In preceding papers (15, 16) Polypeptide groups f (mol wt = 42,000), g (mol wt = 34,000), h (mol wt = 30,000), and i (mol wt = 32,000) are rapidly labeled and short-lived.
Polypeptide groups a (mol wt = 34,000), b (mol wt = 26,000), and c (mol wt = 16,000) are slowly labeled and long-lived.
Typically, after 30 min labeling of protoplasts, only f, g, h, and i are detectable, while after 18 h labeling only a, b, and c are present on the patterns (15) . However, due to the low incorporation of radioactivity after 30 min labeling, it was difficult to obtain clear protein patterns from cell fractions, i.e. from vacuoles. Consequently, we analyzed protoplasts labeled for 2 h (Fig.  1) , where both short-lived and long-lived polypeptides can be observed (with the exception of g which is masked by a).
Proteins whose Synthesis is Decreased by Auxin are Present in the Vacuole. Vacuoles isolated after long labeling times of auxin treated protoplasts (Fig. 2c) contain the three long-lived proteins groups (a, b, and c) whose synthesis is diminished by auxin, while most other proteins present in the total extract (e.g. a and S) are absent. In addition, the proteins whose synthesis is auxin-dependent represent at least 70% of the labeled vacuolar proteins. This considerable enrichment clearly confirms that the method used for vacuole preparation provides a clean fraction only slightly contaminated by cytosol and organelles. Vacuoles isolated after a 2 h label of auxin-treated protoplasts (Fig. lc Proteins comigrating with a, b, and c are detectable, during the growth phase, in moderately vacuolated tobacco cells cultivated in agitated liquid medium (Fig. 3a) . Their synthesis increases during the stationary phase, at a time when the cells become highly vacuolated (not shown). In addition, iey are the major proteins of the hypervacuolated cells of tobacco calli growing on agar (Fig. 3b) . Long labeling of rapidly growing cells, stationary phase cells, and callus show that the synthesis of a, b, and c is well correlated with the cell size (cell vacuolization). Rapidly growing cells synthesize low amounts of a, b, and c, while these proteins are actively synthesized in stationary phase cells. Using short labeling of cells during the stationary phase, we have detected proteins showing the same electrophoretic mobility as the short lived polypeptides f, h, and i.
Finally, after a 10 d subculture in a liquid medium depleted in 2,4-D the level of these proteins increases at least 10 times, approaching the level detected in callus cells. This establishes that the synthesis of polypeptides a, b, c and f, g, h, i continues to be depressed by auxin in in vitro cultivated cells, as in protoplasts.
These Proteins are Undetectable in other Plant Tissues. We have tested the possible presence of these proteins in the Coomassie blue patterns obtained from different tissues of tobacco plants. They were not detected in seeds and shoot meristems whose cells contain no, or only small, vacuoles, but surprisingly they are also absent from the vacuolated cells of leaf mesophyll figure. (used to prepare mesophyll protoplasts) and from the highly vacuolated stem parenchyma cells. Although these results do not exclude the presence of these proteins in low amounts in these plant tissues, they establish that their abundant accumulation is characteristic of in vitro cultivated tissues.
DISCUSSION
The results we present here establish that proteins whose synthesis is reduced by auxin are physically associated with the vacuole in tobacco protoplasts. Because of their absence in membrane fractions and owing to their high water solubility (15) , both the short-lived and long-lived proteins may be present in the vacuolar sap rather than linked to the tonoplast.
The fact that polypeptides whose synthesis is reduced by auxin are vacuolar and that their relative levels of synthesis and accumulation remain constant in different physiological situations suggest that they participate together in a particular cell process, specific to in vitro cultivated tissues, where they are major proteins. Nevertheless, we shall consider the possible functions of short-lived and long-lived polypeptides separately: b' First, it is possible that the two groups of proteins are completely unrelated to each other. Short-lived proteins would correspond to proteins transferred into the vacuole to be degraded, as it has been suggested that the vacuole is an important site of protein degradation in plant cells (8, 13) . Most vacuolar polypeptides detectable after short labeling times (Fig. lc) and absent after long labeling times (Fig. 2c) probably belong to this group. In contrast, long-lived proteins would correspond to a loading of the organelle with vacuole-specific proteins (for example, hydrolases), insensitive to vacuolar degradation. The coexistence inside the vacuole of these two types of proteins was recently demonstrated in Acer cell suspension cultures (8) .
The second possibility to be considered is that polypeptides f, g, h, and i (rapidly labeled and short-lived) are 
